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Thousand Oaks, California 91320 repeats (aa 159–323) abolishes telomere length mainte-
nance in vivo [10]. KIAA0732 and KIAA1089 contain a
C-terminal PIN domain (PilT amino-terminal), which is
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cases, nuclease activity [24]. The PIN domain is not
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The human KIAA0732 protein (hereafter calledthat are essential for telomerase catalytic activity and
several other telomerase-associated factors of which hEST1A) showed the highest similarity to Est1p (aa 57–
284) with 17.5% identity and 28.9% similarity, andonly a few appear to be integral enzyme components
[1–3]. The first essential telomerase protein identified KIAA1089 (hEST1B) exhibited 13.5% identity and 27%
similarity (Figure 1). KIAA0250 (hEST1C) exhibited 15.4%was S. cerevisiae Est1p, whose deletion leads to ever-
shorter telomeres despite the persistence of telomerase identity and 25.4% similarity to Est1p aa 57–284 and
has not yet been characterized. Full-length cDNAs foractivity [4–6]. Extensive genetic and biochemical data
show that Est1p, via its interaction with the telomerase both hEST1A and hEST1B were used to probe mRNA
expression in various human tissues and cell lines. hEST1ARNA and telomere end DNA binding complex Cdc13p/
Stn1p/Ten1p, promotes the ability of telomerase to and hEST1B mRNAs existed as predominantly single
species at 7.5 kb and 4.6 kb, respectively, and wereelongate telomeres in vivo [7–22]. The characterization
of Est1p homologs outside of yeast has not been docu- expressed in all human tissues and cell lines examined
(see Figure S1 in the Supplemental Data available withmented. We report the characterization of two putative
human homologs of Est1p, hEST1A and hEST1B. Both this article online).
In S. cerevisiae cell extracts, Est1p binds the telo-proteins specifically associated with telomerase activ-
ity in human cell extracts and bound hTERT in rabbit merase RNA independently of the other telomerase
components; however, its association with Est2p (TERT)reticulocyte lysates independently of the telomerase
RNA. Overproduction of hEST1A cooperated with depends on the presence of the telomerase RNA [12,
13, 15, 22]. We tested whether endogenous hEST1A orhTERT to lengthen telomeres, an effect that was spe-
cific to cells containing telomerase activity. Like Est1p, hEST1B associated with telomerase activity in human
cell extracts (Figure 2). Separate antibodies raisedhEST1A (but not hEST1B) exhibited a single-stranded
against hEST1A or hEST1B peptides specifically immu-telomere DNA binding activity. These results suggest
noprecipitated only their cognate recombinant proteinthat the telomerase-associated factor Est1p is evolu-
(Figure 2A) and did not exhibit cross-reactivity. Immuno-tionarily conserved in humans.
precipitations from Raji, 293, and HeLa cell lysates with
either antibody revealed a specific association ofResults and Discussion
hEST1A and hEST1B with telomerase activity (Figures
2A and 2B, data not shown). In cell lysates and anti-Using a reiterative PSI-Blast search of the NCBI nonre-
hEST1A immunoprecipitations, a single 180 kDa spe-dundant database with the S. cerevisiae Est1p polypep-
cies was detected that comigrated with recombinanttide, we identified a region of homology between Est1p
hEST1A (Figures 2A and 2B). Using the anti-hEST1B(aa 82–341) and an Ebs1-like protein from K. lactis (Gen-
peptide antibody, we detected three species in cell ly-
sates and anti-hEST1B immunoprecipitations (Figures*Correspondence: leah@uhnres.utoronto.ca
2A and 2B). Since these three species were competed5 Present address: GenPath Pharmaceuticals, 300 Technology
Square, 7th Floor, Cambridge, Massachusetts 02139. by using the anti-hEST1B-specific peptide, they must
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Figure 1. Schematic Alignment of Human Est1p Homologs
The three human Est1p homologs, hEST1A (KIAA0732), hEST1B (KIAA1089), and hEST1C (KIAA0250), are shown with the region of highest
similarity to yeast Est1p (Est One Homology  EOH) in dark gray, the putative tetratricopeptide repeats (TPR) with a black bar, and the PIN
domain in white. Below: multiple sequence alignment over the EOH region; D. melanogaster (Dm), A. thaliana (At), C. elegans (Ce), K. lactis
(Kl), S. cerevisiae (Sc), H. sapiens (Hs), and A. gambiae (Ag). The two putative tetratricopeptide repeats (TPRs) (aa 190–254 of Est1p) are
indicated with a black bar [24]. The alignment was shaded in conservation mode by using GeneDoc (version 2.6) according to the following
amino acid property similarity groups: aliphatic (AVLIM), aromatic (FWYH), acids and amides (QEDN), positive (KR), and tiny (SGA). Residues
showing 100% conservation are shaded yellow, those showing 80%–90% conservation are shaded blue, and those showing 50%–80%
conservation are shaded green.
represent variants of hEST1B or proteins that specifi- telomeric single-stranded DNA and a nonspecific RNA
binding activity in vitro [10]. We therefore tested whethercally cross-react to the peptide antiserum. We were
unable to deplete telomerase activity from cell lysates hEST1A or hEST1B could bind telomeric DNA in vitro.
Using an oligonucleotide capture assay, in which a neu-by using anti-hEST1A or anti-hEST1B antibodies. It was
also not possible to estimate the stoichiometry of the travidin-captured biotinylated oligonucleotide is incu-
bated with RRL-produced protein, we found that full-interaction with hTERT due to the low levels of endoge-
nous hTERT and the inability to detect hTERT in hEST1A length recombinant hEST1A, but not hEST1B, bound to
the neutravidin-captured DNA (Figure S2). The S. cere-immunoprecipitations (data not shown). Nonetheless,
an interaction between hEST1A or hEST1B and hTERT visiae telomeric-like sequence (GTGTGG)4GTGT was
used for the capture assay, since it exhibited the mostwas also observed in rabbit reticulocyte lysates (RRL).
This interaction was specific to hEST1A and hEST1B, efficient precipitation of hEST1A (see Figure S2A, and
see below). A fragment of hEST1A (spanning aa 630–since an irrelevant HA-tagged protein, RGS11 [26], did
not coimmunoprecipitate FLAG-tagged hTERT (Figure 1388) that contained the TPR repeats and PIN domain
did not bind DNA (Figure S2A). We tested a number of2C, lanes 3 and 10–12). In contrast to yeast Est1p, human
EST1A and EST1B did not require the telomerase RNA hEST1A polypeptide fragments for telomere binding and
mapped a minimal fragment of hEST1A, spanning aa 114–to bind hTERT in vitro (Figure 2C, lanes 5, 8, and 11).
S. cerevisiae Est1p demonstrates a weak affinity for 503, that contained the DNA binding activity (Figure S2A).
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Figure 2. Human EST1A and EST1B Associate with Telomerase Activity and with hTERT In Vitro
(A) Characterization of anti-hEST1A and anti-hEST1B peptide antibodies. Input recombinant, HA-tagged hEST1A and hEST1B were separately
synthesized in RRL and then mixed (lane 1, “L,” top and bottom panel). The mixture was incubated with anti-hEST1A (top panel, lanes 2–4)
or anti-hEST1B (bottom panel, lanes 2–4) antibody in the presence of no competing peptide (“0”; lane 2), 50 g nonspecific peptide (“NS”;
lane 3, the hEST1B and hEST1A specific peptides were swapped), or 50 g specific peptide (“SP”; lane 4). Membranes were probed with
anti-HA antibody. Lanes 5–7: similar immunoprecipitations with HeLa cell lysate. Protein markers are shown at the left in kDa. At right, the
positions of hEST1A and hEST1B cross-reacting species in HeLa cells are indicated with bars. Note that the slightly lower level of hEST1A
in lane 3 is particular to this experiment and therefore does not reflect a nonspecific competition of hEST1B peptide for the association of
hEST1A with its cognate peptide antibody.
(B) Association of endogenous hEST1A and hEST1B with telomerase activity in human cell extracts. Lanes 1 and 6, input 293 cell lysate;
lanes 2–5, immunoprecipitations with anti-hEST1A antibody; lanes 7–10, immunoprecipitations with anti-hEST1B antibody; lane 11, immunopre-
cipitation in the absence of antibody (A); lanes 12 and 13, immunoprecipitations with anti-hTERT antibody. Immunoprecipitations were
carried out with either no competing peptide (lanes 2, 7, and 12) or with 5 g hEST1A peptide (lane 3), 25 g hEST1A peptide (lanes 4 and
9), 25 g hEST1B peptide (lanes 5 and 8), or 25 g hTERT peptide (lanes 10 and 13). Telomerase assays are shown in the top panels (the
arrow indicates internal PCR standard, which is faint due to the low number of PCR cycles), and the corresponding Western blots probed
with anti-hEST1A antibody (lanes 1–5) or anti-hEST1B are shown in the bottom panels (lanes 6–13).
(C) Human EST1A and EST1B interact with hTERT in vitro independently of the telomerase RNA. Input recombinant protein (lanes 1–3) was
incubated alone (lanes 4, 7, and 10), with hTERT (lanes 5, 8, and 11), or with hTERT and 0.5 g in vitro-synthesized telomerase RNA (lanes
6, 9, and 12), and was then precipitated onto anti-FLAG resin. The exposure time for lanes containing HA-hEST1B was longer than for HA-
hEST1A. Top panel: the blots were probed with anti-HA antibody. Bottom panel: the blots were probed with an anti-TERT peptide antibody
[37]. The immunoprecipitations were also treated with DNaseI and RNase to rule out nonspecific interactions bridged by nucleic acids (data
not shown).
To confirm that the DNA binding activity was con- observed dissociation constant of hEST1A for telomeric
DNA. S. cerevisiae Est1p shows a preference for free 3ferred by hEST1A, we partially purified a HIS-tagged
fragment of hEST1A, spanning aa 114–631, from E. coli overhangs and S. cerevisiae telomeric DNA sequences
[10]. Although the apparent preference of hEST1A for S.(Figure S2B). Electrophoretic mobility shift analysis re-
vealed that partially purified hEST1A could bind a radio- cerevisiae telomere-like DNA relative to human telomeric
DNA is puzzling, further experiments will be required tolabeled yeast telomere DNA sequence (GTGTGG)4GTGT
and, to a lesser extent, the radiolabeled human telomeric determine the precise relative affinity of hEST1A for differ-
ent telomeric or nontelomeric substrates. We could notsequence (TTAGGG)4TTAG (Figure 3, left panel). In con-
trast, the nematode telomeric sequence (TTAGGC)4TTAG detect significant similarity between the hEST1A and S.
cerevisiae Est1p DNA binding regions [10].or a random 28 nucleotide sequence was not detectably
bound (Figure 3, left panel). Human telomeric single- S. cerevisiae Est1p also binds RNA sequences non-
specifically, but with a higher affinity than for telomericstranded, double-stranded, and partially single-stranded
DNA substrates did not effectively compete for the inter- DNA [10]. A bulged stem within the yeast telomerase
RNA, TLC1, is essential for Est1p binding in vivo; how-action with (GTGTGG)4GTGT (Figure 3, right panel, and
data not shown). Since the telomeric probe was not ever, this stem-loop is not conserved in the human telo-
merase RNA [27, 28]. In addition, the interaction of Est2pquantitatively shifted at the highest protein concentra-
tions tested (600 pM), we were unable to determine the with Est1p is telomerase RNA dependent [27, 28]. We
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Figure 3. Human hEST1A Possesses a Telo-
mere DNA Binding Activity
Electrophoretic mobility shift analysis of re-
combinant hEST1A. Input 5 end-labeled
probe (50 pM) was incubated in the absence
of added extract (P; lanes 1, 6, 9, and 12)
or at increasing concentrations of a partially
purified 40 kDa hEST1A fragment (see the
Supplemental Data) (lane 2, 60 pM; lane 3,
120 pM; lanes 4, 7, 10, and 13, 240 pM; lanes
5, 8, 11, and 14, 600 pM). The probes used were
(GTGTGG)4GTGT (lanes 1–5), (TTAGGG)4TTAG
(lanes 6–8), (TTAGGC)4TTAG (lanes 9–11), or
TCGACAGATCGTACATGATCATCATCAC
(lanes 12–14). Right panel: the 5 end-labeled
probe (GTGTGG)4GTGT was incubated in the
absence of added protein (P; lane 1) or with
approximately 300 pM partially purified pro-
tein (lanes 2–11) in the presence of no added
competitor, 5-fold excess of unlabeled (GTG
TGG)4GTGT competitor, 50-fold excess of un-
labeled (GTGTGG)4GTGT competitor (lanes 2,
3, and 4, respectively), or 500-fold excess of
unlabeled competitor, as indicated above each lane (lanes 5–11). Oligonucleotide sequences were as indicated in the left panel, except for
dsTTAGGG, which was a purified 28-base duplex of TTAGGG and its complement, and 5-TTAGGG and 3-TTAGGG, which were oligonucleo-
tides containing 13 bases of random duplex DNA with a 28-base 5 or 3 TTAGGG extension, respectively.
found that hEST1A did not significantly retard the mobil- or vectors alone (Figure 4A, compare lanes 3 and 4 with
lanes 1 and 2). These results were corroborated in anity of radiolabeled telomerase RNA (data not shown).
Although further experiments are necessary to deter- independently derived series of 293 stable cell lines by
using TRF analysis and a more quantitative measure ofmine if purified hEST1A shows an RNA binding activity,
the RNA-independent interaction of hTERT and hEST1A total telomere DNA content in a cell population, Flow-
FISH (Figure 4C and data not shown).in RRL (Figure 2C) suggests that the association with
human telomerase is bridged by protein-protein interac- The marked telomere length alterations elicited by
hEST1A were specific to telomerase-positive cells, sincetions.
In S. cerevisiae, Est1p appears to play a key role in analogous cell lines generated in telomerase-negative
ALT (for alternative telomere maintenance) cells showedtelomere lengthening in vivo by tethering the telomerase
complex to Cdc13p and the telomeric 3 end in vivo [9, no effect on telomere lengths (Figure 4B). In the WI38
VA13 ALT cell line, the telomerase RNA is not expressed,14, 22], or in activating the telomerase complex once it
has been recruited to the telomere [21]. Although and, similar to previous studies, we showed that the cells
remained telomerase negative even when expressinghEST1A and hEST1B interacted with human telomerase,
it was important to ascertain whether either protein exogenous hTERT [29, 30] (data not shown). Since telo-
meres in ALT cells are already long and heterogeneous,could promote the ability of telomerase to lengthen telo-
meres in vivo. We generated two independent series of we also assessed total telomere DNA content in each
cell line by using an independent quantitative measure-stable 293 lines that expressed either HA-tagged
hEST1A or HA-hEST1B, alone or in combination with ment, Flow-FISH [31, 32], and demonstrated that the
total telomere DNA content in VA13 stable cell linesuntagged hTERT (Figures 4A and 4C, and data not
shown). Since telomere lengths can vary between sub- paralleled the TRF analysis (Figure 4B).
At present, the mechanism of telomere shortening inclones within a cell population, we analyzed the bulk
transformants for alterations in telomere length. After cells overexpressing hEST1A is unknown. It is possible
that excess hEST1A may compete for the limiting levelsestablishment of the lines, terminal restriction fragment
(TRF) analysis showed that cells containing empty con- of hTERT available to form hTERT/hEST1A complexes
at the telomere. The lack of telomere shortening upontrol vectors or hTERT alone had little effect on average
telomere lengths (Figure 4A, lanes 1 and 2). However, hEST1A overexpression in ALT cells indirectly supports
this hypothesis. We argue that the telomere shorteningexpression of even low levels of hEST1A, or a C-terminal
fragment of hEST1A (spanning aa 630–1388), led to a is not due to nonspecific competition of factors essential
for telomere length maintenance, since telomeres be-marked decrease in average telomere length (Figure 4A,
lanes 5 and 8). When hEST1A or the hEST1A C-terminal came longer when hTERT was coexpressed with
hEST1A. It is unclear yet whether the PIN domain con-fragment was coexpressed with hTERT, telomere lengths
actually exceeded those of cells expressing only hTERT tributes to hEST1A or hEST1B function in vivo. The PIN
domain within human FEN1 confers an endonuclease(Figure 4A, lanes 6 and 7). In each cell line, the telomere
length alterations appeared stable and remained rela- activity against “flapped” DNA substrates [24]. A flap-
like structure is also postulated to occur at the telomeretively constant over the course of 3–4 cell passages
(data not shown). We did not detect a significant differ- t loop, which is formed when the 3 single-stranded,
G-rich overhang at the telomere terminus loops backence in telomere length in cells expressing hEST1B with
or without hTERT, compared with cells expressing hTERT and invades the double-stranded telomere DNA [33].
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Figure 4. Human EST1A Cooperates with hTERT to Lengthen Telomeres In Vivo
(A) Terminal restriction fragment analysis of 293 stable cell lines expressing empty vectors alone (lane 1), untagged hTERT alone (lane 2), and
HA-tagged hEST1B, hEST1A, or a C-terminal hEST1A fragment (aa 630–1388) (“CT”) alone or together with untagged hTERT (lanes 3–8).
Following digestion of 10 g genomic DNA with HinfI and RsaI, the DNA was resolved on a 0.5% w/v agarose gel, transferred to Hybond N,
and probed with a 5 end-labeled (CCCTAA)3 probe. DNA markers, in kbp, are shown at the left. Below: Western blotting of 293 cell lysates
with anti-hTERT and anti-HA antibodies to confirm protein expression. Protein markers are shown at the left in kDa. Note that lanes 5 and 6
contained 2.5-fold more protein extract, in order to visualize the low levels of hEST1A expression in lane 5. For an as yet unknown reason,
we noted a slight decrease in recombinant hTERT expression in cell lines that also expressed recombinant hEST1B (Figure 4A, lane 4; Figure
4B, lane 5).
(B) Terminal restriction fragment analysis in VA13 stable cell lines, using the same probe as in (A), and protein expression shown below, as
in (A). Below: quantitative Flow-FISH analysis (in arbitrary telomere fluorescence units) of the corresponding VA13 cell lines (n  3, p  0.05
for all pair-wise comparisons between samples).
(C) Flow-FISH analysis of another series of independently derived 293 cell lines (different from those shown in [A]) expressing empty vectors
(vector), hTERT alone (T), hEST1A alone (1A), hTERT  hEST1A (1AT), the hEST1A C terminus, spanning aa 630–1388 (CT), and the hTERT 
hEST1A C terminus (T  CT). P values for the average telomere fluorescence measurements (n  6) are shown above each bar, in comparison
to the hTERT cell line.
Regardless of the precise mechanism, the telomere hEST1A and hEST1B are functional homologs of S. cere-
visiae Est1p. Independently, Reichenbach et al. alsolength alterations elicited by hEST1A appeared specific
to telomerase-positive cells. Although we cannot com- identified hEST1A, hEST1B, and hEST1C as homologs
of Est1p and present compelling functional evidence topletely exclude the possibility that subtle alterations in
telomere lengths might be difficult to resolve in ALT support the association of hEST1A with the telomerase
complex and its role in telomere integrity in vivo [34]. Wecells, an independent quantitative measure of total telo-
mere DNA content (Flow-FISH) corroborated the TRF found that hEST1A and hEST1B interacted with human
telomerase in vitro and in cell extracts. However,analysis (Figure 4B).
Our data are consistent with the hypothesis that hEST1A possessed two properties not shared by
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